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Quantum Chromo Dynamics

Phase Diagram, Symmetries
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Quantum Chromo Dynamics
Phase Diagram, Observables
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Quantum Chromo Dynamics

Phase Diagram, Observables
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Quark-Meson Model

Chiral Symmetry
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Quark-Meson Model

2P1 Quantum Effective Action
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Quark-Meson Model

Thermodynamic Properties, Effective Potential

08 1 - T SN S|gmacouplln9933 _
T=90 MeV - - - -
T=100 MeV = =
04 i T T=108 MeV i
. e T=120 MeV - —
Qe [0, 7, G, D] = 6V1F[07rGD] L e S S S S N S S
04 | : : : .
E 08 - FR. -
P -
o 12 i
S TNsT ro AN
Moos o ~-7 hE 2
Ty ~ + + +
Je G2e Jo G2.m, Je GooGrim, Jo Grin Gy, 241
2.8

3—}
Qe = Qo + ] log (1 —e7P) + Z f ~log (1 — e 7P=)
"5 B
—% [Mf—A(SUz—FZWf—VZ)] Q (M,) 100

9
80
——Z[ —)\(O’ +371' +ZW _V)]Q(Mm) 70
JFi = 60
3 2 50
NQOL + —/\Z[Q (M, i
30
+ )\Z[Q (M) Q (My)] + 5 AZ Mz;)] + Res: 2
i,j#i 10

0100 105 110 115 120

T [MeV]



Quark-Meson Model

Thermodynamic Properties, Order Parameter
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Quark-Meson Model

Thermodynamic Properties, Effective Mass
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Quark-Meson Model

Evolution Equations

mean-field equation without expansion:
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Quark-Meson Model

Evolution Equations, Dissipation/Memory Kernel

memory kernel in mean-field equation: T =105MeV, p = 165 MeV
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Quark-Meson Model

Evolution Equations, Expanding Geometry

mean-field equation with expansion: FLRW metric:
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Dynamical Evolution

Initial Conditions

distribution of initial configurations with respect to Ny net

0.008
1 Nyt — (N, 2 ®  probability of initial configurations
2 (Ngnet) = ——=—=exp —M Gaussian distribution function
0.007 - aq.nct V 271' 2aq,net .
1. mean net quark number:
4 d*p
4 L 3
(Noynes) i= RS [ = (7, () = £y (T~
Type I:  pg = const., V (Nynet) Type ll: 1t (Ngnet), V = const. (277)
0.005
z "“\?“”"f{‘“j?““°" function 2. define standard deviation:
— Nynet = V [ng (T, ptg) = ng (T, = pty)] = 613.9
§ 0.004 1 e Nopet = 474.41 ! '
So
£ Gamet = (Ngnet) /10, ..
©
e
£ 0.003
3. choose equidistant grid points:
0.002 4
200 — 1000 values for Ny e
0.001 1
1.0 1
4. initialize type I or type II for each Ny et
0000 (Ngnet) = 544.15
0 200 400 600 800 1000

"Vq‘m‘[




Dynamical Evolution

distribution of initial configurations with respect to Ny net

Initial Conditions
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Dynamical Evolution

Initial Conditions

distribution of initial configurations with respect to Ny net

general observables
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Dynamical Evolution

Phase Diagram

Type |: statistical ensemble with a constant initial value of 1,
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Dynamical Evolution

Effective Chemical Potential, Net Quark Density, Effective Mass

Type |l: statistical ensemble with a constant initial radius scale R = 5fm
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Dynamical Evolution

Effective Chemical Potential, Net Quark Density, Effective Mass

Type |l: statistical ensemble with a constant initial radius scale R = 5fm
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Dynamical Evolution

Effective Chemical Potential, Net Quark Density, Effective Mass

Type |l: statistical ensemble with a constant initial radius scale R = 5fm
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2nd order Cross over

1st order

Dynamical Evolution

Time Evolution of Cumulant Ratios
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Dynamical Evolution _ | 1: /10,008

/5, v=0.05

Time Evolution of Cumulant Ratios
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Summary

evolution equations with memory effects and expansion
» different ensembles with fluctuative initial conditions
for the net quark number
» passing through the chiral phase transition leads to
non-trivial fluctuations in momentum bins

» clear differences between crossover and 1st/2nd
order during a dynamical expansion
» differences between 1st and 2nd order depend
a meistrenko, . Hees, co,  STFONGIY on the expansion velocity and momentum
Annals Phys. 431 (2021) 168555

2007.09929 [hep-ph] range
» fluctuations can survive the full evolution process



Backup

Cumulant Ratios from FRG

0(ug/T)"
N,net 1 N = L 2
= V?TB , (g = ﬁ <(Nq,net — (qunet» > = VTSUQ=HEt

1 1
Cy = W <(Nq,net — (Nq,net>)3> , Cy = W [((Nq,net - (Nq,nei>)4> - Sgg,net] ’

Figs.: V. Skokov et al.
Phys. Rev. C, 83 : 054904, 2011

20 ; |:_: ' l ' Il.,l/T=0 - 15 ' T T : |
S — — wT=0.5 ' g
15F Do . M/T=1 . S
R M 10_, —_— -
' e WT=1.5 e
10 e _ : . |

N I .
x5 o Sp—sm=200:
! | — — s/ =50 \\ . -
0 BN B WP PR
! L ) ] OF __ s/n, =10 7
-5k L - IR s/n =5

100 150 200 250 300 100 150 200 250 300
T [MeV] T [MeV]



Quantum Chromo Dynamics

Phase Diagram, Observables
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Initialization Error for Cumulants
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Net Quark Number Conservation
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Evolution von Kumulanten fur Typ |

Type |: statistical ensemble with a constant initial value of i,

(a) p =40 — 200 MeV (b) p =100 — 300 MeV

(¢) P = 200 — 600 MeV (d) P = 400 — 800 MeV
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